Introduction HE development of a reusable space vehicle that delivers payloads to orbit in the vertical rocket configuration, and returns from orbit in a horizontal aircraft configuration, provides unprecedented opportunities to the flight research community. One unique flight research area that is assessed regularly is the aerodynamic performance of a winged re-entry vehicle traversing the rarefiedflow transition regime from free-molecule to hypersonic continuum, roughly 160-60 km in altitude. Computational fluid dynamics (CFD) research I was conducted during the early Orbiter development flight tests, but was not mature enough for aerodynamic design predictions. Extensive wind-tunnel testing went into the design of the Shuttle Orbiter, 2 but not under conditions for the rarefied-flow regime. There is, however, one set of data used to examine viscous effects that is shown in this report. These wind-tunnel data are taken at conditions closest to those of rarefied flow. However, prior to the initial Orbiter development flights, no applicable rarefied-flow re-entry aerodynamics test data were available. The solution to this limitation was to adapt empirical expressions resulting from earlier flight tests of Apollo-like blunt bodies to a winged re-entry vehicle) Figure 1 illustrates the status of knowledge of the rarefied-flow aerodynamics at the starl of the Orbiter flight program in terms of the performance parameter li_to-drag (L/D) and independent parameters of altitude and the rarefaction parameter Kn. The region for 10 -3 < Kn < 10 is the rarefied-flow transition region. This region uses an empirical formula to bridge between the hypersonic continnum (_Kn < 10 -3) and the free molecule flow (_Kn > 10) regimes. The region between the curves illustrates the lack of confidence in using a blunt body formula for a winged vehicle. The corresponding altitudes of the rarefied-flow transition region for the Orbiter is about 80-160 km, as shown in Fig. 1 . The hatched region, for Kn less than about 10 -3, indicates th_qt these flight regimes were characterized by either wind-runnel tests, or early winged vehicle flight test programs.
These programs include the X 15 program and the drop test of the Shuttle Enterprise. In addition, some limited computational simulalions were used to define the aerodynamics in this hatched region. At higher altitudes, corresponding to the free-molecule flow region, computational simulations were performed using a complex Shuttle geometry model composed of flat plates using diffuse surface reflection conditions and a Schaaf and Chambre formulation. 4
Decisions were made early in the Orbiter development program to use the Orbiter as a flight test vehicle to make in-situ measuremenls of this largely unexplored flight regime. The High Resolution 
where Ci is the aerodynamic force coefficient in the ith direction, ai is the corresponding acceleration, and S/M is the vehicle area to mass ratio. In general, the dynamic pressure (l/2pV 2) can be obtained from air data measurements, such as pressure transducers or mass spectrometer measurements, 7 or from atmospheric models. For this report, pressure data taken in the hypersonic region of flight from STS-61C were included in the model development, s To calculate the coefficient Ci in Eq.
(1), all of the terms on the right of the equation must be known. The HiRAP instrument measures acceleration ai along each Orbiter axis. The mass M and the reference area S (249.9 m 2) are known and velocity V is determined as a function of flight time from a best estimated trajectory (BET) process.9-i i Because no measurements of the density were available for most of the earlier flights, a statistical approach was developed to determine the aerodynamic coefficient ratio using the ratio of accelerometer data. This technique is described in the literature along with the results for all of the earlier flights. 9'12-17
Flight Data Results
The fundamental principle behind making aerodynamic acceleration measurements during re-entry is to remove the nonaerodynamic acceleration inputs. In unpowered gliding flight, the predominant nonaerodynamic forces on the Orbiter are thrust firings, auxiliary power units (APUs), and rotationally induced linear accelerations (the sensors are not at the center of gravity). The thrust firings are measured acceleration impulses induced when the reaction control system (RCS) is used to control the attitude of the Orbiter Vehicle during reentry. The three APU exhaust ports are located just in front of the vertical tail and induce a pulsing acceleration signal in the Z-axis direction. The flight data are transformed into aerodynamic acceleration data using a rigorous, detailed process reported earlier. Is.19 After this process, the ratio of aerodynamic acceleration is formed, which is also the ratio of the aerodynamic force coefficients.
A measure of aerodynamic performance is the ratio of the normal to axial acceleration measurement. This ratio corresponds to force coefficient ratios, CN/Ca. Figure 3 presents the force coefficient ratio data during re-entry for all 12 currently available missions. The re-entry data set consists of about 11.6 hours of flight measurements.
It is from this compendium of data that the aerodynamic model has been determined.
For the purposes of this analysis, the acceleration data sets consist of time and X-and Z-axis acceleration LARMAN, AND MOATS:
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measurements.
The HiRAP instrument does measure and record the Y-axis sensor output, but it is not used in this paper.
Rarefied-Flow Aerodynamics Model
The analytic aerodynamics model derived from the HiRAP data has evolved over time and is documented. 9'12-17 The model has continually improved with the collection of more flight data and a better understanding of calibration factors.'8'19 This aerodynamics model is composed of curve fits to data provided in the OADDB 3 combined with a transition bridging formula developed using data from the early flights of the HiRAP instrument. 12
The sign convention used for the model is the standard used in the Orbiter program documentation and is presented in Fig. 4 . The OADDB used in the model come from the third update, which reflects the most recent normal and axial coefficient Shuttle flight information.
A subset of these data were chosen that includes these parameters: angle of attack ranging from 0 to 60 deg for the payload bay doors closed (corresponding to free-molecule flow conditions),
angle of attack ranging from 35 to 45 deg for the entry region, elevon deflection ranging from -15 to 22.5 deg, body-flap deflection ranging from -11.7 to 22.5 deg; viscous parameter ranging from 0.001 to 0.05, and Mach number ranging from 15 to 30. The total OADDB derived CN and CA aerodynamic entry coefficients were obtained by summing contributions from the basic, high-altitude, real-gas, viscous interaction, body-flap, elevator/aileron (elevon), and vehicle components.
The rarefied-flow Shuttle aerodynamics flight model discussed in this paper is a simple model. It contains three segments: the hypersonic continuum, the free-molecule flow, and the transition bridging formulae. Each segment is described in detail.
l-lypersonic Continuum
The formulae for the hypersonic continuum normal and axial coefficients as a function of ot are as follows:
CNc.= = -9.25704
x 10-sa 2 + 5.23808 x 10-2or -0.839782
Cat.= = 5.86689 x 10-70t 3 -6.72027 × 10-sa 2 + 3.32044
x 10-3or --0.0086314
These equations are for the Shuttle vehicle at an angle-of-attack envelope of 35 < a < 45 deg. The coefficient functions in Eqs. (2) and (3) are resulting curve fits to the basic data in the OADDB with adjustments resulting from an earlier analysis using flight data from STS-61C)
Unlike the more sophisticated OADDB, the flight model basic coefficients given previously do not separate physical phenomena such as real gas and viscous effects. In effect, each equation results in one combined coefficient allowing for computation ease and, as discussed later, not introducing significant errors. Figure 5 shows the calculations using the above equations for angle of attack between 35 and 45 deg. Also included on the graphs are a comparison of the flight model force coefficients angle-of-attack behavior with the OADDB data. The conditions for the OADDB data are M = 15, V" = 0.005, and 8bf = 8EL = 0 deg. These conditions correspond to an altitude of approximately 58 km. Two OADDB data sets are shown; one is the OADDB basic coefficients (the circles), whereas the other (the squares) has the real gas, viscous, and vehicle effects included, i.e., a composite coefficient, comparable to the above equations. The primary difference between the individual OADDB basic coefficients and the points labeled "OADDB (total)" is real-gas effects for Cu and viscous effects for CA. Comparing these OADDB composite coefficients with the flight model, it is seen that the flight model CN coefficient is consistently lower by about 7% than the OADDB, while the CA coefficient is slightly higher (about 2%) for all angles of attack. These differences will produce noticeable differences (about 9%) in the coefficient ratio. The Shuttle control surfaces modeled are the hypersonic continuum body flap and elevons at ot = 40 deg and M = 20. The normal and axial contributions for each are:
Body Flap
For -11.7 deg < 3bf < 22.5 deg: 
if Cat.B_ >_ 0, then Ca,._. = I/3CAc,_
Figures 6 and 7 show the above functions compared with the data from the OADDB for the body flap and elevons, respectively.
The flight model varies from the OADDB for positive elevon angles in Fig. 7 because the HiRAP flight data indicated that the elevon effectiveness was less than the OADDB predicted. Then, the total hypersonic continuum coefficients are the following:
CA, = CA,..= + Ca,.b/ + Ca_,_ Equations ( 11 ) and (12) are for the Shuttle (payload doors closed) at 0 < _t < 60 deg. A comparison of these functions with the data from the OADDB is shown in Fig. 8 Then, the total free-molecule flow coefficients arc: 
Re-Entry Trajectory Data
Re-entry trajectory data from each mission are required for the development and the calculation of the rarefied-flow aerodynamics model. These data are available after each flight, and they represent the "as flown" trajectory. 
Aerodynamics

Model Comparisons With Accelerometer Data
Using the above aerodynamics model and the "as flown" angle-ofattack, body-flap and elevon deflection angles, the ratio CN/CA can be calculated.
The calculations are presented in the form of a force ratio Cs/Ca as a function of Knudsen Number Kn in Fig. 10 . The Kn in this figure is derived from the 1976 Standard Atmosphere _ and uses the mean aerodynamic chord of the Orbiter as a reference length (12.058 m). The ratio measurement model residuals (i.e., the difference between model predictions and the flight measurements) are also presented for all 12 missions in Fig. 10 . The average residual for Kn < l0 -3 is not completely random, suggesting that further model adjustments in body-flap and/or elevon effectiveness are possible. Fig. 9 Angle-of-attack and control surface data.
With Other Data
Wind-tunnel data were collected by the Orbiter Project on a 1.0% scale model in a hypersonic shock-tunnel facility 2 in order to examine viscous interaction effects. The test conditions were Mach numbers up to 16 and viscous interaction parameters values up to 0.06. The data provided information on viscous interaction effects, and thus are applicable because the data are in the fringes of the rarefied-flow transition regime (i.e., up to Kn -0.002). But, realgas effects are not included in the tunnel data, and it is not a necessary condition that the tunnel data match the flight data. Shown in Fig. 11 are the CN and Ca test results, in terms of a ratio, for c_ = 40 deg and There are several possibilities for these small differences. For example, the lower Kn points may be near the limits of the simulation, considering cell size, assumptions on number of particles simulated, etc. Or, it may simply be the difference between a three-dimensional vehicle and a flat plate simulation. 
With STS-35 and STS-40 Data
For illustrative purposes and a closer examination of the details of the model, the aerodynamics model is compared to the flight data taken on STS-35 and STS-40. The Orbiter position, velocity, and orientation information for these flights is obtained from a BET process, l°'ll This process includes using flight measurements from the inertial measurement unit (IMU) and it is the source of the IMU acceleration ratios. Figure 12 shows the Orbiter velocity and corresponding Kn as a function of altitude for STS-35 and STS-40. The
Kn is computed using the 1976 U.S. Standard Atmosphere 2°using a reference length of 12.058 m, the Orbiter's mean aerodynamic chord. The Kn parameter serves as a guide as to which flow regime the vehicle resides. Namely, large Kn (roughly > 10) indicate freemolecule flow behavior with few intermolecular interactions, while small Kn (roughly < 10 -3) indicate near continuum flow where intermolecular collisions are an important consideration to the flow physics. Clearly, most of the altitudes included in Fig. 12 are for the rarefied-flow transition regime, where the vehicle flow is "transitioning" from free-molecule flow to continuum flow. In addition to a flow indicator, Kn is also the independent parameter for the bridging formulae presented earlier. Figure 13 gives the angle-of-attack profile of the Orbiter vehicle for 
